has been demonstrated by in vivo microelectrode recordings in the fetal rat (Galli and Maffei, 1988) and by Department of Anatomy and Neurobiology in vitro multielectrode recordings in the neonatal ferret Washington University School of Medicine (Meister et al., 1991; . Neonatal ferret St. Louis, Missouri 63110
Introduction that neighboring On and Off RGCs may become less well correlated in their spontaneous bursting activity as In mammals, visual information is relayed by retinal ganthey mature (Mastronarde, 1983) . glion cells (RGCs) to their primary target, the dorsal Cell classes can now be obtained after recording cellateral geniculate nucleus (dLGN), along two major parlular activity from the retina, by using optical recording allel channels. One channel relays information from techniques and Ca 2ϩ -sensitive dyes that report changes RGCs that respond to increased illumination of their in cytosolic-free Ca 2ϩ concentrations ([Ca 2ϩ ] i ) (Wong, receptive field centers ("On center RGCS"), whereas the 1993; Feller et al., 1995, Soc. Neuother conveys information from RGCs that respond to rosci., abstract). In this study, we combined Ca 2ϩ imdecreased illumination of their receptive field centers aging and intracellular dye-filling techniques to examine ("Off center RGCs") (Kuffler, 1953) . In the adult ferret, the the bursting patterns of morphologically identified On axonal terminals of On and Off RGCs from one eye are and Off RGCs before and during the segregation of their spatially restricted to separate sublaminae within each axonal arbors in the dLGN. We report that prior to Oneye-specific layer of the dLGN (Stryker and Zahs, 1983;  Off segregation in the dLGN, all RGCs share similar burst Roe et al., 1989) . Like the formation of the eye-specific fequencies, but during the segregation of their axonal layers (cat: Shatz, 1983; Sretavan and Shatz, 1986; ferret: arbors, On and Off RGCs develop distinct burst fre- Linden et al., 1981; Cucchiaro and Guillery, 1984) , On quencies. and Off sublaminae emerge gradually from an initial intermixing of RGC axonal arbors early in development Results (Hahm et al., 1991; Morgan and Thompson, 1993) . The formation of monocular inputs (Dubin et al., 1986 ; SretaBursting Patterns of Neonatal RGCs van et al., 1988; Shatz and Stryker, 1988) , and the sepaFerret RGCs are classified into three major classes of ration of On and Off inputs onto dLGN neurons (Dubin cells: ␣, ␤, or ␥ RGCs, based on their dendritic morpholet al., 1986; Hahm et al., 1991) occur through a process ogy (Wingate et al., 1992) . The ␣ and ␤ cells can be that requires electrical activity, presumably from the separated further into On-center cells if their dendrites retina.
stratify in the inner three-fifths of the inner plexiform Since the restructuring of retinogeniculate conneclayer (IPL; sublamina b), or Off-center cells, if their dentions occur largely before photoreceptors are present, drites laminate in the outer two-fifths of the IPL (sublamretinal activity required for the axonal remodelling proina a); ␥ RGCs do not form On and Off subclasses (Nelcess must be generated in the absence of visual stimulason et al., 1978; Boycott and Wä ssle, 1974 ; Wä ssle and tion. The presence of temporally and spatially correlated Boycott, 1991) . In the present study, we examined retinae between postnatal day 5 (P5), several days before spontaneous retinal activity during early development dendritic stratification levels could be determined in the ␤a and ␤b RGCs Develop Different Burst Frequencies with Age ferret IPL and P30, at which time the waves are no longer present .
The bursting patterns of representative ␤a and ␤b cells are shown for a P9 and a P21 retina in Figure 2A . Bursting Morphologically distinct RGCs were evident after the first postnatal week (see Wingate and Thompson, 1995) . activity was present in ␤a and ␤b cells from both ages. However, it is apparent that while ␤ a and ␤ b cells shared Figure 1A shows examples from a P9 retina of a large somata, loosely branched cell resembling an ␣-type similar, if not identical, burst frequencies at P9, ␤ a and ␤ b cells in the P21 retina exhibited remarkably different RGC, and a smaller somata RGC with a highly branched dendritic tree, resembling a ␤-type RGC (Wingate et al., bursting rates. The age-dependent change in the relative bursting rates of ␤ a and ␤ b cells was true for a population 1992; Wingate and Thompson, 1995) . During the first postnatal week, the dendrites of ␣ RGCs and ␤ RGCs of cells recorded within each retinal piece, and between retinas from different animals, and was also true for ␣ stratified diffusely in the inner plexiform layer (IPL) (see Wingate and Thompson, 1995) . By P9, however, the RGCs (data not shown).
In the following figures, the rhythmic bursts of activity dendrites of both ␣ RGCs and ␤ RGCs became progressively more restricted to either the inner or outer portion of a cell as measured by the quasi-periodic elevations in its [Ca 2ϩ ]i will be represented by raster plots (see of the IPL, and presumed On-center RGCs (␣b, ␤b) could be differentiated from presumed Off-center RGCs (␣a, Experimental Procedures). Figures 2B and 2C illustrate how the raw data is converted to the raster plots. A ␤a) (Figures 1B-1D) .
To compare the bursting patterns of On and Off-center recording of the [Ca 2ϩ ]i as a function of time for a P14 ␤a cell is shown in Figure 2B . Using IgorPro (Wavemetrics, RGCs during development, mosaics of ␤ RGCs, rather than ␣ cells, were studied in detail, because in a single Incorporated), the differential of the [Ca 2ϩ ] i plot was obtained, and a threshold imposed to remove the baseline field of view, there were about ten times more ␤ RGCs than ␣ RGCs. We monitored simultaneously the bursting noise ( Figure 2C ). Each data point that exceeded this threshold was counted as a suprathreshold event, and patterns ␤ RGCs in the same field of view (40 ϫ), and compared the bursting patterns of the recorded cells the time of occurrence of each event was represented by a vertical line ( Figure 2C ). Note that because during with their dendritic lamination, obtained after each cell was intracellularly filled with Lucifer yellow and Neurobia burst of activity, [Ca 2ϩ ] i may continue to increase over several seconds (each data point represents [Ca 2ϩ ]i calotin. An example of such a recording from a mosaic of ␤ cells is shown in Figures 1E-1G . After Ca 2ϩ imaging, culated from a pair of 340 nm/380 nm image, acquired every 1 or 2 s), a burst is often represented by more fura-2-labelled cells in the ganglion cell layer shown in Figure 1E were targeted for intracellular dye and tracer than one line. The rising phase of the Ca 2ϩ peak corresponds to the period when most of the action potentials filling. The dendritic arbors of the population of ␤ RGCs in Figure 1E are shown in Figures 1F and 1G , after proof the cell are likely to be occurring (e.g., Robinson et al., 1993) , and to the duration of inward currents measured cessing for Neurobiotin. By focusing into the IPL, two subpopulations of cells, ␤ b ( Figure 1F ) and ␤ a cells (Figduring whole-cell recording (Feller et al., 1995, Soc. Neurosci., abstract 
Developmental Changes in the Degree of Correlated Bursting Activity of ␤ a and ␤ b Cells
To assess how well correlated the bursts of ␤ a and ␤ b cells for the different age groups are, cross-correlation analysis was performed on the raster plots of the bursting activity from cells of each age group (see Experimental Procedures). Figure 7A shows examples of crosscorrelograms calculated for ␤a:␤a, ␤b:␤b, and ␤a:␤b cell the observation that when ␤b cells burst, their bursts occur within 1-2 s of the bursts of ␤ a cells. of ␤ a and ␤ b cells from a P9, a P17, and a P21 retina.
To determine whether the strength of the correlations Like ␤ RGCs in the cat retina (Wä ssle et al., 1981a) , ␤ a between cells with like receptive field-center sign and and ␤ b RGCs have dendritic fields that overlap extencells with opposite receptive field-center sign changed sively, but within each subclass, the extent of dendritic with development, we calculated the Spermann rank overlap is reduced, and the subpopulation tiles the reticorrelation coefficients (Systat 5.2) of every pair of cells nal surface effectively. In Figures 3-5, an obvious "hole" from recordings at the different age groups ( Figure 7B ). in the mosaic is owing to the exclusion of an injected A correlation coefficient of 1.0 implies perfect synchrony cell because of poor labelling of its dendritic arbor. As between the bursts of the pair of cells (as in an autocorsuggested in Figure 2A , ␤ a and ␤ b RGCs at P9 shared relation), a coefficient of 0.0 implies that the bursts from similar burst frequencies, with their bursts occurring the two cells occur randomly, and a negative coefficient nearly synchronously. However, in the P17 retina, ␤ a implies that the cells are anticorrelated in their bursting. RGCs showed relatively higher burst frequencies when
In all age groups, and for all combinations of cell pairs compared with ␤ b cells ( Figure 4) . But, the bursts of ␤ b (␤ a :␤ a , ␤ b :␤ b and ␤ a :␤ b cells), the correlation coefficients cells were always coincident with the bursts of neighwere positive. At P9-10, the correlation coefficients of boring ␤ a RGCs. The apparent difference in the burst ␤ a :␤ a , ␤ b :␤ b and ␤ a :␤ b cells were equally high, ranging frequencies of ␤ a and ␤ b RGCs was also striking at P21, between 0.6 to 0.95. Between P14 and 17, the coeffiand as for the other ages, a burst of a ␤b cell was always cients of pairs of ␤b cells (0.36 to 0.83) were relatively temporally correlated with a burst of a neighboring ␤ a higher than that of ␤ a :␤ a (0.10 to 0.47) and ␤ a :␤ b (0.10 to cell ( Figure 5 ).
0.55) cell pairs, suggesting that the bursting activity of The relationship between the depth of dendritic strati␤b RGCs was better correlated with other ␤b cells than fication and the burst frequency of the ␤ cells is summawith ␤a cells. However, the correlation coefficients berized for all the recordings (4 retinae from 4 animals for tween pairs of ␤ a cells were similar to that for pairs of each age group) in Figure 6 . Between P9 and P10, the ␤a and ␤b cells. These trends persisted in the P21-24 burst frequencies of ␤ cells within each field of view age group. The correlation coefficients of ␤a:␤a, ␤b:␤b, were similar, if not identical, regardless of their dendritic stratification level. The average bursting frequency of and ␤ a :␤ b cells decreased with age ( Figure 7B ). (cells 1-9) and ␤b cells (cells 10-18) . Note that the bursting patterns of ␤ a and ␤b RGCs are very similar.
Discussion
RGCs burst three to four times less frequently than Off ␤ RGCs, for about 65%-75% of the time, the activity of Off cells is not correlated with any activity from the On Different Bursting Patterns of On and Off ␤ RGCs during On-Off Axonal Segregation in the dLGN cells. The difference in the bursting rates of On and Off ␤ RGCs during the segregation period could provide the The interpretations of the results of the current experiments depend on correlating cellular morphology with cues required for this process to take place because it reduces the strength of the correlations between the physiological function. In the cat retina, it has been well established that there is a strict relationship between the two types of inputs ( Figure 7B ). According to a Hebbian model, the near synchronous receptive field center sign (On or Off) and the dendritic stratification of a ganglion cell (Nelson et al., 1978) . We bursting of neighboring On RGCs during the period of axonal segregation could lead to the costrengthening believe that this relationship is also true for the ferret because its RGC classes and their axonal projection of their inputs onto LGN neurons (Willshaw and von der Malsburg, 1976; Gustaffson and Wigströ m, 1986) . patterns (Henderson et al., 1983; Vitek et al., 1985; Wingate et al., 1992; Wingate and Thompson, 1995) resemHowever, surprisingly, the bursts of pairs of Off RGCs are not as strongly correlated as that observed for pairs ble those of the cat both during development (Dann et al., 1988; Ramoa et al., 1988 Ramoa et al., , 1989 and in the adult of On RGCs. In fact, the strength of the correlations between bursts of Off cells is similar to that between (Wä ssle, 1982) . In addition, as in cat, the dendritic fields of presumed On and Off ␤ RGCs in the ferret retina On and Off cells. Perhaps, unlike the formation of an all On-center receptive field for a dLGN neuron, there may form independent mosaics that tile the retinal surface effectively (Wä ssle et al., 1981a (Wä ssle et al., , 1981b .
not be a mechanism actively driving the formation of an all Off-center receptive field in these cells. The results of the current study show that prior to the segregation of their inputs, On and Off ␤ RGCs share
In addition, because more active inputs tend to be maintained at the expense of less active inputs (Gustaffsimilar burst frequencies, but develop different bursting rates as their terminals segregate in the dLGN (between son and Wigströ m, 1986; Fields et al., 1990) , one might expect that Off inputs are always maintained in prefer-P14 and P21). Between P9 and P24, the bursts of On ␤ RGCs are always nearly coincident with the bursts of ence to the less active On inputs. However, this presumes that every burst of the Off cells depolarizes the neighboring Off ␤ RGCs ( Figure 7B ). This observation suggests that the segregation of On and Off RGC inputs dLGN neurons, which may not be the case, and that will depend on the response properties of the target occurs even though the bursts of neighboring On and Off cells are positively correlated. But, because On ␤ neurons, the mechanism of synaptic elimination, and what the relative collective synaptic weights of the enbetween individual action potentials. Further assessment of spike activity from identified populations of On semble of On cells are, compared with that of the less well-coordinated Off cells (Miller, 1994; Miller and and Off cells is necessary to help determine if there is also a difference in the substructure of firing within a MacKay, 1994). We are currently modelling what cues these distinct bursting patterns of On and Off RGCs burst that distinguishes On cells from Off cells during the period of On-Off segregation in the dLGN. could provide to dLGN neurons during the segregation of their terminal arbors. In particular, we are testing
The age-related changes we observed in the bursting patterns of RGCs, particularly by P21, are unlikely to be under what conditions, such as how often the firing of RGCs and dLGNs are coincident, and what are the reladue to photopic stimulation of these cells upon illumination with 340 and 380 nm light during Ca 2ϩ imaging. If tive strengths of the correlations between On and Off cells, will segregation of inputs be expected to occur. this were the case, the bursting of On RGCs would be phase-locked to the opening and closing of the shutter, Recordings of the spontaneous activity of RGCs in the adult cat retina showed that the strength of the resulting in a greater rate of bursting in these cells. In addition, the activity of Off cells would be depressed correlated spike activity from RGCs with like receptive field centers diminished with increasing distance beduring acquisition of the images. Instead, we observed that Off RGCs were more active than On RGCs. Thus, the tween the cells (Mastronarde, 1983 ). We did not find any systematic changes in the correlation coefficients of ␤ patterns that we report here are likely to be generated in the dark, rather than the result of light stimulation, and RGCs of the same receptive field center sign as a function of dendritic field overlap at P21 or at P24 (data not should therefore more accurately reflect the situation in vivo because eye-opening in ferrets occur at around P30. shown), suggesting that the adult patterns of correlations are yet to develop after this age. In addition, although the spikes of On and Off RGCs tend to be anticorMechanisms Underlying the Changes in Bursting Patterns related in the adult retina, the bursts of On and Off ␤ cells remain correlated between P21 and P24, implying What mechanisms might underlie the changes in the bursting rhythms of the ␤ RGCs? First, developmental that the mechanism responsible for correlated activity between the two cell populations is still present at these changes in the membrane properties of individual RGCs, such as the acquisition of a higher density of ion chanages. However, it is important to bear in mind that the current study compares the occurrence of the bursts of nels (Skaliora et al., 1993) , may play a role in determining how often a cell is likely to burst. Second, synaptic action potentials, rather than the temporal relationship Raster plots of increases in [Ca 2ϩ ]i are displayed for ␤ a cells (cells 1-7) and ␤b cells (cells 8-14). connections in the retina are assembled (Greiner and connections with amacrine cells and vertical connections with bipolar cells and photoreceptors. Since amaWeidman, 1981) and may undergo remodelling during the period when the bursting patterns of RGCs are obcrine cells also participate in the wave activity Feller et al., 1995, Soc. Neurosci., abstract) , served to change. While changes in the membrane properties of RGCs are likely to contribute to the bursting they are likely to be involved in modulating the bursting activity of the RGCs. Bipolar cell inputs may also influpatterns of the RGCs, changes in connectivity may play the dominant role. This is because maturation of memence the bursting frequencies of the RGCs by P15 when ribbon synpases are first seen (Greiner and Weidman, brane properties of RGCs occur fairly early on (fetal life in cat; Skaliora et al., 1993) whereas the retinal circuitry 1981). Sustained release of glutamate from photoreceptors in the dark would drive the Off pathway, while supmatures during the period when RGC bursting patterns are observed to change dramatically.
pressing the On pathway. This alone could account for a decrease of spontaneous bursting activity of the On The maturation of retinal circuits involve both lateral RGCs and an increase in bursting frequency of Off cells. Bodnerenko et al., 1995) . In cat, dendritic stratification in IPL commences before birth and is established postWhile glutamate receptor antagonists do not affect the waves in the early neonates (P1-P10; , natally (Maslim and Stone, 1988; Bodnerenko et al., 1995) . The stratification process can be disrupted by it is not known as yet whether these antagonists can influence the bursting patterns of On and Off cells later blockade of glutamatergic inputs, presumably from bipolar cells (Bodnerenko and Chalupa, 1993 ; Bodnerenko in development (second to third postnatal weeks). et al., 1995) . In the neonatal ferret retina, ␤ a and ␤ b cells can be identified before they exhibit distinct bursting Dendritic Versus Axonal Segregation:
rhythms, and before bipolar cells synapses appear in Activity-Dependent Mechanisms the IPL (Greiner and Weidman, 1981) . Thus, bipolar cell The axonal arbors of RGCs are segregated into eyeactivity may not be responsible for initiating dendritic specific layers in the dLGN by P4 (Linden et al., 1981) laminations to form in the IPL. However, after the second and into On and Off sublaminae between P14 and P21 postnatal week, when the dendrites of ferret ␤ cells (Hahm et al., 1991) . In the present study, RGCs could become more strictly confined to the inner or outer IPL not be classified as either ␣, ␤, or ␥ cells according and bipolar cells are present (Greiner and Weidman, to their dendritic morphology until the end of the first 1981), a greater diversity of bursting rates is observed postnatal week (see also Wingate and Thompson, 1995) .
in the RGCs. During this period, the bursting rhythms Thus, it appears that the axonal arbors of RGCs in the of On and Off RGCs could reflect the activity of their ferret undergo substantial refinement before their denpresynaptic bipolar cells. If so, then the dendritic stratifidritic arbors become remodelled significantly to bear cation patterns of On and Off RGCs in the IPL may be adult-like features that correspond to their cell class. maintained owing to cues arising from differences in the But, our current observations suggest that the dendrites pattern of activity of On and Off bipolar cells, both in of RGCs occupy distinct stratification levels in the IPL the dark and later, during visual stimulation when the (P9-10) prior to when their axonal terminals segregate photoreceptors mature. into On and Off sublayers in the dLGN (P14-P21). It therefore seems unlikely that the interactions between RGCs and dLGN cells instruct the dendrites of RGCs floated onto a glass microscope slide, flipped scleral surface upwas placed in 0.05% 3, 3Ј diaminobenzidene tetrahydrochloride (Sigma) and 0.01% H2O2 for approximately 5 min. The retinae were wards, and cut in half. A piece of black millipore filter (HABP, Millipore) was touched to each piece of retina and wetted with Ames washed, mounted in 50% glycerol in phosphate buffer (to minimize compression of the tissue), and coverslipped. Dendritic stratification medium. The filter papers and adhering retinae were transferred to a beaker containing oxgenated Ames medium. levels obtained during dye-filling with Lucifer yellow were crosschecked after processing the tissue for Neurobiotin. Dendritic stratification levels obtained after Neurobiotin processing were similar Fura-2 Loading and Imaging to those estimated in the living tissue from Lucifer yellow fills. In After the dissections were completed, the retinae were incubated the younger neonates (P9-P10), the majority of ␤ cells were clearly in 10 M fura-2 AM/0.001% pluronic acid (Molecular Probes) in stratified. In some cells that had a few dendritic branches at different Ames medium, for 30 min at room temperature and then for 30 min depths of the IPL, the dendritic stratification level was estimated at at 30Њ-32ЊC. This method resulted in the loading of fura-2 AM in all the level at which the majority of the dendrites came into focus. cells in the retinal pieces from neonates between P1 and P10. For the older ages, an additional step had to be introduced in the procedure to obtain good loading of all the cells in the ganglion cell layer.
Cross-Correlation Analysis
In order to perform cross-correlation analysis on the recordings Prior to incubation in fura-2 AM, a small volume (1-3 L) of fura-2 AM dissolved in dimethylsulfoxide (1 g/l) was injected into several from pairs of cells, the plots of [Ca 2ϩ ]i needed to be transformed to exclude the contribution of the baseline noise that significantly points on the surface of the retina, using a hamilton syringe and 30-gauge needle (Baldridge, 1995) , or applied over regions at which raises the noise in the correlograms. The plots of [Ca 2ϩ ]i were differentiated such that the baseline fluctuates around 0.0 (see Figures small slits had been made with an opthalmic scapel blade. This additional step consistently resulted in labelling of cells in the gan-1C and 1D). A threshold is then set at a position to exclude the baseline noise. The time of occurrence of each data point above glion cell layer, particularly of cells in the retinal periphery. Thus, the regions that were chosen for optical imaging were always located at zero (corresponding largely to the initial increase in [Ca 2ϩ ] i ) and above the threshold, are represented by a vertical line. Bursts in the outer third of the retina. After loading, a retinal piece was placed in a temperature-controlled chamber and maintained alive with oxywhich [Ca 2ϩ ]i continued to rise during several acquisition frames (each data point) are therefore represented by several lines. Crossgenated Ames medium at 30ЊC. Images of cells in the ganglion cell layer (flatmount view) were acquired by a Silicon Intensified Target correlograms of the bursts were obtained from these data sets for pairs of cells using the correlation function in Igor Pro (Wavemetrics) (SIT) camera (Hamamatsu, C2400) and a filter wheel (Lambda-10, Sutter Instruments), controlled by Image-1 FL (Universal Imaging, and Spermann rank correlation coefficients were calculated using Systat 5.2. Incorporated). Each image was an average of 8 or 16 frames, and pairs of images viewed under 340 nm and 380 nm excitation were collected every 1 (for 8 frame averages) or 2 (for 16 frame averages) Acknowledgments s. Typically, the retinae were monitored continuously for a total of 1-2 hr before any significant bleaching of the indicator dye preCorrespondence should be addressed to R. O. L. W. The author cluded further image acquisition. The images were stored onto optiwishes to thank Drs. P. D. Lukasiewicz, J. R. Sanes, and C. R. cal disk (Panasonic, TQ-3038F) and analyzed using either ImageAnderson, and Mr. C. Lee for their helpful discussions and com-1FL or Metamorph (Universal Imaging, Incorporated). ments on the manuscript. R. O. L. W. was supported by National Ratios of cell somata fluorescence captured at 340 nm and 380
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Soc. Lond. (B) 223, 141-164. After dye-filling, the retinae were fixed in 4% paraformaldehyde/ Dann, J.F., Buhl, E.H., and Peichl, L. (1988) . Postnatal dendritic 0.1 M phosphate buffer (pH 7.4) for 1 hr. The retinae were then maturation of alpha and beta ganglion cells in cat retina. J. Neurosci. washed three times in buffer and kept overnight in a solution con-8, 1485-1496. taining 5% sucrose, 2% bovine serum albumin, and 1% Triton-X in 0.1 M phosphate buffer (pH 7.4). The retinae were washed in phosDubin, M.W., Stark, L.A., and Archer, S.M. (1986) . A role for actionpotential activity in the development of neuronal connections in the phate buffer and incubated in Streptavidin-biotinylated-HRP (1: 300, Amersham) for 4 hr. After washing in phosphate buffer, the tissue kitten retinogeniculate pathway. J. Neurosci. 6, 1021-1036.
